Abstract. Ginsenoside Rb3 is one of the major active components in protopanaxdiol type ginsenosides, and has demonstrated anti-diabetic activity. However, the mechanism of this action has yet to be elucidated. The present study investigated the effects of ginsenoside Rb3 on the AMP-activated protein kinase (AMPK) gluconeogenesis pathway. The present study involved the use of HepG2 cells and western blot analysis to systematically evaluate the effect of ginsenoside Rb3 on AMPK signaling proteins and key factors of gluconeogenesis [phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase, forkhead transcription factor 1 (FOXO1) and hepatic nuclear receptor 4α (HNF4α)]. The results indicated that 25 µM ginsenoside Rb3 significantly activated AMPK activity, increased the ratio of p-AMPK/total-AMPK, and had synergistic effects with the activator of AICAR on the activation of AMPK. Further analysis indicated that the expression of the transcription factor FOXO1 and HNF4α protein, two important factors in the pathway of HepG2 cell gluconeogenesis, was significantly suppressed by ginsenoside Rb3. PEPCK and G6Pase were subsequently inhibited, which led to the suppression of gluconeogenesis. These effects were partially blocked by the AMPK inhibitor, Compound C, which indicated that the inhibition effects of ginsenoside Rb3 on hepatic gluconeogenesis were predominantly due to the activation of the AMPK signaling pathway. These data suggested that ginsenoside Rb3 can suppress hepatic gluconeogenesis, at least partially through stimulation of AMPK activity.
Introduction
Diabetes affects patients worldwide, and is characterized by absolute or relative insulin insufficiency, causing high blood and urine glucose levels (1). Long-term high blood sugar levels can damage cardiovascular, kidney, eye and nervous tissues, and can cause great harm to the patient. Treatments for diabetes include insulin therapy, islet cell transplantation, gene therapy, oral hypoglycemic drugs, exercise and diet therapy (2) . Furthermore, the current oral hypoglycemic drugs have three major mechanisms: i) Promoting insulin secretion, ii) increasing insulin sensitivity and iii) inhibiting α-glucosidase (3) . Hypoglycemic drugs from traditional Chinese herbal remedies are continually emerging. These have multiple functions, including reducing blood sugar levels, reducing blood fat and improving blood viscosity (4) (5) (6) .
Adenosine monophosphate-activated protein kinase (AMPK), which is activated by metabolic stressors including hypoxia, low glucose and nutrient deprivation, regulates cellular and systemic energy homeostasis in mammalian cells (7) . Activation of AMPK in skeletal muscle, liver and adipose tissue enhances metabolism, improves insulin sensitivity, and may be favorable for the treatment of diabetes (8) . AMPK is an attractive drug target that serves a key role in the regulation of whole-body energy homeostasis (9) . Activation of hepatic AMPK leads to increased fatty acid oxidation and, simultaneously, inhibition of hepatic glucose production, as well as lipogenesis and cholesterol synthesis (9, 10) . A number of previous studies found that AMPK may adjust key enzymes [phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase)] involved in hepatic gluconeogenesis. The transcription factors cyclic-AMP response element binding protein (CREB), hepatocyte nuclear factor 4α (HNF4α) and forkhead box protein O1 (FOXO1) are the key regulatory factors of the AMPK channel. TORC2, a signaling protein that modulates CREB activity, is phosphorylated by AMPK. Through this mechanism, CREB expression is inhibited by AMPK. AMPK can adjust SHP, HNF4α and FOXO1 to achieve the inhibition of hepatic gluconeogenesis, which has the potential to reduce blood glucose (10).
Ginsenoside Rb3, one of the major active components of protopanaxdiol type ginsenosides, has received much attention due to its various bioactivities, including antioxidant activity and microcirculatory improvement (11) , neuroprotection (12) , cardiovascular protection (13, 14) , prevention of obesity (15) and prevention of diabetes (16, 17) . Previous research has indicated that ginsenoside Rb3 showed antidiabetic activity in alloxan-induced diabetic mice, and increased glucose consumption in C2C12 myotubes (16) . Furthermore, our group previously demonstrated that ginsenoside Rb3 can decrease blood glucose, increase blood glucose tolerance and antioxidants, improve serum lipid disorders, and improve insulin sensitivity and resistance in diabetic mice (17) . Numerous animal studies and clinical trials have ascertained that ginsenoside Rb3 has significant hypoglycemic effects (15) (16) (17) . Although the hypoglycemic effects of ginsenoside Rb3 appear promising, it has not yet been used clinically as an antidiabetic drug, predominantly due to the fact that the molecular mechanism has yet to be fully elucidated. The current study assessed the effect of ginsenoside Rb3 on hepatic gluconeogenesis mediated by AMPK in HepG2 cells, and provided a theoretical basis for research on the molecular regulatory mechanism of gluconeogenesis inhibition.
Materials and methods
Materials. Ginsenoside Rb3 standards were isolated and purified in our laboratory (the Chinese Herbal Medicine Laboratory of Jilin Agricultural University, Changchun, China). HepG2 cells were purchased from the Shanghai Cell Institute of Chinese Academy of Science (Shanghai, China). AICAR (an AMPK activator), trypsin, and Dulbecco's modified Eagle's medium (DMEM) culture medium were purchased from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany). Antibodies against AMPK (cat. no. sc-25792), P-AMPK (cat. no. sc-33524), PEPCK (cat. no. sc-32879), G6Pase (cat. no. sc-25840), FOXO1 (cat. no. sc-C29H4), HNF4α (cat. no. sc-8987) and goat anti-rabbit IgG-horseradish peroxidase (HRP) secondary antibodies (cat. no. sc-2004) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Dimethyl sulfoxide (DMSO) and the fetal bovine serum (FBS) and trypsin were purchased from Roche Applied Science (Penzberg, Germany). MTT was purchased from the Tianjin Lu Xin Chemical Technology Company (Tianjin, China). Compound C (an AMPK selective inhibitor) was purchased from North Kangtai Clinical Reagent Company (Beijing, China). The glucose uptake was measured using the Amplex Red Glucose/Glucose Oxidase Assay kit (cat. no. A22189; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The enhanced chemiluminescence (ECL) kit (cat. no. 32109) was purchased from Guangzhou Baotaike Biological Company (Guangzhou, China). X-ray film was from the Eastman Kodak Company (Rochester, NY, USA).
Cell culture. HepG2 cells, which were frozen with liquid nitrogen, were placed in a water bath at 37˚C and then transferred to a sterile tube (10 ml). Culture medium (3 ml) was added to cells and evenly mixed. The pelleted cells were collected after centrifugation at 1,000 x g for 5 min and were cultured with DMEM (supplemented with 15% FBS). The culture medium was replaced the following day. The recovered cells were grown in DMEM (10% FBS), treated with 0.25% trypsin at an 80% confluency and then passaged to a 1:3 ratio. The cells used in subsequent experiments were in the logarithmic growth phase.
Cell experiments. HepG2 cells (1x10 5 cells/ml) were seeded into 6-well tissue culture plates in the logarithmic growth phase and cultured with DMEM (supplemented with 10% FBS). HepG2 cells were cultured for 12 h at 37˚C with 5% CO 2 , then the medium was removed and replaced with medium containing 25 µM ginsenoside Rb3 and/or 1 mM AICAR and/or 10 µM Compound C was added. Total protein and nucleoprotein were extracted after a 24-h incubation by cell lysis. The total protein was immunoblotted with antibodies specific for AMPK, p-AMPK, PEPCK and G6Pase, while nucleoprotein was immunoblotted with FOXO1 and HNF4α. This Western blotting procedure is described in a subsequent section.
MTT assay. The cell viability of HepG2 cells was assessed using an MTT assay following treatment in the absence or presence of ginsenoside Rb3 (0, 3.125, 6.25, 12.5, 25 and 50 µM) for 24 h. The cells were treated with MTT in accordance with the manufacturer's protocol, and the supernatant was removed and DMSO added to dissolve the blue crystals. The optical density (OD) values were measured with a microplate reader at 490 nm, and then the cell viability rate was calculated [cell viability rate(%)=treatment group average OD/control group average ODx100]. Finally, the ginsenoside Rb3 concentration that resulted in no damage to HepG2 cells was determined to be the optimum concentration for glucose production and hepatic gluconeogenesis in the subsequent experimental analysis.
Glucose production assay. According to the method reported previously (14, 15) , the experiment was set up with three treatment groups [0 (control), 12.5 and 25 µM ginsenoside Rb3] in triplicate. The procedures were as follows: HepG2 cells were cultured to the exponential phase; 1-ml cell suspensions in 24-well plates were cultured with 10% FBS DMEM (5% CO 2 concentration) at 37˚C for 24 h; then, the medium was replaced with the glucose production buffer solution (5% CO 2 concentration) at 37˚C for 4 h. Finally, the medium culture was transferred into an Eppendorf tube, and glucose production from HepG2 cells was measured with the Amplex Red Glucose/Glucose Oxidase Assay kit.
Analysis of protein content. HepG2 cells were lysed with 4˚C lysis buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with a protease inhibitor (1 mM phenylmethylsulfonyl fluoride) and phosphatase inhibitors (50 mM NaF, 0.1 mM sodium vanadate, 10 mM sodium molybdate, 20 mM 3-glycerol phosphate, 10 mM 4-nitropyrophosphate). Protein concentration was measured using the Bradford assay (cat. no. 5000002; Bio-Rad Laboratories Inc., Hercules, CA, USA). The immunoblotting analysis was performed by western blot. Total protein extracts (40 µg) were separated by 12% SDS-PAGE. The polyvinylidene difluoride (Merck Millipore, Darmstadt, Germany) protein hybridization membranes were first soaked with methanol for 15 sec to activate the membrane and then placed in the pre-cooled transmembrane buffer. The fibrin glue and transmembrane device were placed in the correct orientation, and then the proteins were transferred to membranes at 100 V at 4˚C for 2 h. The membranes were then washed with Tris buffered saline-Tween (TBST) three times for 10 min each. Next, the membranes were blocked with 5% non-fat milk powder for 2 h. The primary and secondary antibody incubations were performed with an antibody hybridization process using standard hybridization techniques (18) . The blocked membranes were incubated overnight in TBST with the primary antibodies against AMPK (1:500), p-AMPK (1:500), PEPCK (1:1,000), G6Pase (1:1,000), PGC-1α (1:500), HNF4α (1:1,000), FOXO1 (1:1,000), and β-actin (1:2,000) at 4˚C. Membranes were then incubated and hybridized in TBST with anti-rabbit IgG-HRP secondary antibodies (1:1,000) at 37˚C for 1 h. Subsequently, membranes were washed with TBST three times for 10 min each. Finally, the membranes were treated with ECL reagent and X-ray film was used to obtain the hybrid picture. X-ray films were scanned, and the results were analyzed with Quantity One software v. 4.6 (Bio-Rad Laboratories, Inc.). The ratio of the target protein expression to the reference protein expression was calculated as relative expression, and different treatments were compared with one-way analysis of variance.
Statistical analysis. Data are expressed as the mean ± standard error of the mean. Significant differences from the control group were determined by Student's t-test. All statistics were calculated with SPSS statistical software (version 13.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. Fig. 1 . indicates that 3.125, 6.25, 12.5, and 25 µM ginsenoside Rb3 treatments caused limited damage to HepG2 cells after ginsenoside Rb3 incubation for 24 h; however, 50 µM ginsenoside Rb3 led to significant damage to HepG2 cells, as indicated by a significant reduction in cell viability (P<0.05). With use of the latter dose, the cells exhibited blebbing and apoptosis. Therefore, 12.5 and 25 µM ginsenoside Rb3 were determined to be suitable concentrations for further experiments.
Results

Effect of ginsenoside Rb3 on cell viability of HepG2 cells.
Effect of ginsenoside Rb3 on glucose production of HepG2 cells. Subsequent to the determination of a suitable ginsenoside Rb3 dose, the HepG2 cells were rinsed with PBS, dissociated with protease, and then the protein was extracted. Finally, the measured glucose content was compared with the extracted total protein content on the basis of quantitative protein, so that the ratio could more accurately reflect the inhibitory effect of ginsenoside Rb3 on the glucose production ability of HepG2 cells. Fig. 2 indicates that both doses of ginsenoside Rb3 had an inhibitory effect on gluconeogenesis in HepG2 cells. However, only 25 µM ginsenoside Rb3 significantly inhibited gluconeogenesis (P<0.05).
Effect of ginsenoside Rb3 on PEPCK expression.
To further investigate the molecular mechanism of ginsenoside Rb3 on gluconeogenesis, expression levels of PEPCK, a key enzyme of the gluconeogenesis pathway, were analyzed by western blot analysis. Fig. 3 indicates that treatment with ginsenoside Rb3 after 24 h inhibited the expression of PEPCK. Inhibition of PEPCK expression by 25 µM ginsenoside Rb3 treatment reached a significant level (P<0.05), which may be consistent with the inhibitory effect on glucose production of HepG2 cells.
Effect of ginsenoside Rb3 on the expression levels of AMPK and p-AMPK in HepG2 cells.
AMPK is an attractive target that serves a key role in the regulation of energy homeostasis at the whole body level (9) . Activation of hepatic AMPK leads to increased fatty acid oxidation and simultaneously inhibits hepatic glucose production, in addition to lipogenesis and cholesterol synthesis (10) . To further investigate the regulation of gluconeogenesis and AMPK expression by ginsenoside Rb3, analysis with AICAR (AMPK agonists) and Compound C (AMPK inhibitors) was performed. In the experiment, 6 groups were used: i) Control group, an untreated group, ii) 25 µM ginsenoside Rb3 group, iii) 1 mM AICAR group, iv) 10 µM Compound C group, v) 25 µM ginsenoside Rb3+1 mM AICAR group, and vi) 25 µM ginsenoside Rb3+10 µM Compound group.
The results show that ginsenoside Rb3 and AICAR activated AMPK, and that the expression levels of p-AMPK significantly increased (P<0.05; Fig. 4B ). In addition, ginsenoside Rb3 and AICAR demonstrated a synergistic effect on p-AMPK expression levels compared with each group alone (P<0.05), whilst the p-AMPK expression levels following treatment with a combination of the two treatments was significantly higher than that of either alone (P<0.05).
Compound C, an AMPK inhibitor, was able to significantly inhibit expression of total AMPK and activated p-AMPK in HepG2 cells (P<0.05; Fig. 4A and B) , and the ratio of p-AMPK to total AMPK was significantly reduced (Fig. 4C) . The results indicated that Compound C had a marked inhibitory effect on p-AMPK expression. In the group in which ginsenoside Rb3 and Compound C were used at the same time, the expression of p-AMPK is higher than that of Compound C treatment alone (P<0.05). In particular, the ratio of p-AMPK to AMPK was significantly higher compared with that following the use of Compound C alone. Therefore, ginsenoside Rb3 significantly increased the expression and activation of AMPK (P<0.05), which was likely associated with the mechanism causing the partial reduction of the inhibitory effect by Compound C on AMPK expression. In addition, the combined use of ginsenoside Rb3 and Compound C caused the expression of p-AMPK and the ratio of p-AMPK/total AMPK to be significantly lower than that of the ginsenoside Rb3 single treatment (P<0.01), which indicated that Compound C could partly block the effects of ginsenoside Rb3 on AMPK activation. 
Effect of ginsenoside Rb3 on the expression of PEPCK and G6Pase
. The expression levels of PEPCK and G6Pase, which are the key gluconeogenic enzymes, were analyzed by western blot analysis in HepG2 cells. These data indicated that ginsenoside Rb3, AICAR (an AMPK activator) and a combinatorial treatment with these significantly inhibited the expression of G6Pase (Fig. 5) and PEPCK (Fig. 6) in comparison with the control group (P<0.05). The expression levels of PEPCK and G6Pase were significantly increased following the use of Compound C (P<0.05). In addition, the expression levels of PEPCK and G6Pase were significantly lower in the control group compared with the combination of ginsenoside Rb3 and Compound C (P<0.05); however, the expression levels of PEPCK and G6Pase following a single treatment with Compound C were significantly higher compared with those subsequent to treatment with ginsenoside Rb3 only (P<0.05), which indicates that the inhibitory effect of ginsenoside Rb3 on PEPCK and G6Pase is partially blocked by Compound C. Overall, the inhibition of gluconeogenesis by ginsenoside Rb3 was demonstrated to be associated with AMPK activation.
Effect of ginsenoside Rb3 on gluconeogenesis nuclear transcription factors in HepG2 cells.
Transcription factors are crucial in the regulation of eukaryotic gene expression (9) . To further explore the molecular mechanism underlying the effect of ginsenoside Rb3 on gluconeogenesis, the expression levels of FOXO1 and HNF4α, two transcription factors, were analyzed by protein hybridization (Figs. 7 and 8) . The expression levels of FOXO1 were assessed by western blot analysis (Fig. 7) . Ginsenoside Rb3 and AICAR had inhibitory effects on the expression levels of FOXO1, and a combination of the two had a significant inhibitory effect on the expression levels of FOXO1 (P<0.05). The expression of transcription factor FOXO1 was significantly lower when both were combined, compared with the use of either alone (P<0.05). Notably, although AICAR did not enhance the inhibitory effects of ginsenoside Rb3 on the expression of FOXO1, the expression levels of FOXO1 were significantly higher when Compound C and ginsenoside Rb3 were combined, compared with the use of ginsenoside Rb3 alone (P<0.05). Compound C lessened the inhibitory effect of ginsenoside Rb3 on FOXO1 expression.
The expression levels of HNF4α were analyzed (Fig. 8 ) and revealed that the expression of HNF4α was significantly inhibited by ginsenoside Rb3 and AICAR alone, or by their combination (P<0.05), and that the expression levels of HNF4α were significantly lower when both were combined, compared with the use of ginsenoside Rb3 alone (P<0.05). HNF4α was markedly (but not significantly) higher compared with the use of AICAR alone, and Compound C significantly reduced the inhibitory effect of ginsenoside Rb3 on HNF4α expression levels (P<0.05).
Discussion
Previous reports indicated that ginsenoside Rb3 exerted antidiabetic activity in alloxan-induced diabetic mice, and increased glucose consumption in C2C12 myotubes (16, 19) . In addition, our previous study demonstrated that ginsenoside Rb3 decreases blood glucose, increases blood glucose tolerance and antioxidants, improves serum lipid disorders and improves insulin sensitivity and resistance in diabetic mice (17) . Numerous animal studies and clinical trials have ascertained that ginsenoside Rb3 has a significant hypoglycemic effect (15) (16) (17) . To analyze the regulatory mechanism underlying the effect of ginsenoside Rb3 on AMPK, the present study used AMPK inhibitor Compound C (20) (21) (22) and AMPK activator AICAR (23-26).
The HepG2 cell line is a human hepatocellular carcinoma cell line, and has several of the biological characteristics of normal liver cells. It is commonly used to conduct experiments regarding hepatic gluconeogenesis (27, 28) . During these experiments, the level of glucose synthesis can be measured in HepG2 cells to reflect gluconeogenesis and its effect on the treatment of type 2 diabetes mellitus. Therefore, the HepG2 cell line is often used for drug-carrier screenings for diabetes treatment, and allows for thorough investigation of the hypoglycemic effect (27, 28) .
Previous results obtained using various animal models of type 2 diabetes confirm the physiological importance of hepatic AMPK in glucose homeostasis (9) . The AMPK pathway has been reported to regulate the phosphorylation and nuclear exclusion of CREB-regulated transcription coactivator 2 (TORC2) (29) . In response to fasting stimuli, TORC2 is dephosphorylated and transported from the cytoplasm to the nucleus, where it enhances the transcriptional activation of gluconeogenic genes. The transcriptional coactivator mediates CREB-dependent transcription (PGC-1α). Expression of the coactivator PGC-1α further induces the transcription of key gluconeogenic enzymes such as PEPCK and G6Pase in association with the factors HNF4α and FOXO1. AMPK is able to phosphorylate TORC2 and lead to the inhibition of gluconeogenesis in the cytoplasm (18, 30) .
The current results show that ginsenoside Rb3 and AICAR influence the activity of AMPK in HepG2 cells, in addition to PEPCK and G6Pase, which are key rate-limiting enzymes in the pathway of gluconeogenesis, and had significant inhibitory effects when used in combination. This may be due to the ability of ginsenoside Rb3 to inhibit gluconeogenesis. In addition, the present study also revealed that the combined use of ginsenoside Rb3 and AICAR dramatically enhanced the inhibition of PEPCK, and showed strong synergistic effects. Compound C could effectively block the inhibitory effect of ginsenoside Rb3 on PEPCK and G6Pase, which indicated that AMPK was an important target site of action of ginsenoside Rb3. In addition, FOXO1 and HNF4α, two key nuclear transcription factors in the gluconeogenic pathway, and analysis of the expression levels performed in the present study indicated that ginsenoside Rb3 had significant inhibitory effects on their expression, and that Compound C could partially block this inhibitory effect. The current study therefore suggests that the inhibitory effect of ginsenoside Rb3 on these two transcription factors may be associated with the activation of AMPK. In the regulation of HNF4α protein expression, the use of a combination of the two drugs also demonstrated a reduced inhibitory effect of AICAR on HNF4α expression. Therefore, ginsenoside Rb3 and AICAR both disrupt the regulation of certain transcription factors. These results suggest that ginsenoside Rb3 had a significant inhibitory effect on gluconeogenesis, which is associated, at least partly, with the activation of AMPK and its downstream signaling pathway in HepG2 cells.
Several antidiabetic drugs, such as metformin, regulate blood glucose by transcriptional inhibition of the gluconeogenic program (31, 32) . The glucose-lowering effect of metformin has been predominantly attributed to its ability to suppress hepatic gluconeogenesis through the AMPK signaling pathway (9) . Additional studies are required to compare the use of ginsenoside Rb3 with that of metformin. Total protein was extracted after a 24-h incubation period using protein extraction kits. Western blotting was performed to determine total protein levels of HNF4α. Data are expressed as the mean ± standard error of the mean (n=3). * P<0.05 vs. control group; # P<0.05 vs. Rb3 group; Con, control; Rb3, ginsenoside Rb3.
In conclusion, the current results provide further insight into the mechanism of hepatic gluconeogenesis and its modulation by ginsenoside Rb3 in HepG2 cells in vitro. Furthermore, ginsenoside Rb3 suppresses hepatic gluconeogenesis, at least in part, by activating AMPK. These data support the hypothesis that preparations of ginsenoside Rb3 have potential to prevent and treat type 2 diabetes.
